In this article, we consider a spectrum sharing cognitive radio network with a transmit antenna selection scheme, subject to the peak interference constraint of primary user (PU) and the maximum transmit power limit of secondary user (SU). Due to time-varying properties or feedback latency, the channel estimation of the link from secondary transmitter to primary receiver may be imperfect, which will result in the violation of the interference constraint at PU. Under the condition of imperfect channel state information (CSI), we derive the cumulative distribution function (CDF) and probability density function (PDF) of the SU's signal to noise ratio (SNR). Then, we obtain the closed-form expressions of average symbol error rate (SER) and capacity for the secondary system, respectively. Extensive simulations are performed with various system parameters to validate the correctness of our theoretical analysis.
Introduction
Cognitive radio (CR) has been considered as a promising solution to tackle the spectrum scarcity problem by allowing spectrum sharing [1] . The spectrum sharing approaches are generally classified as underlay and overlay [2] . In the spectrum underlay approach, the secondary user (SU) coexists with primary user (PU) in the licensed band by keeping its induced interference under a certain threshold to avoid interrupting the primary transmission. In the overlay approach, the SU detects the PU's idle spectrum for its transmission and hence no interference is induced on the PU.
Equipped with multiple antennas, SU can acquire significant performance enhancement while control the interference to PU successfully [3] . However, the benefits come at the increased hardware cost with multiple radio frequency (RF) chains. To reduce the hardware cost, the antenna selection technique has triggered significant interest for CR systems recently [4, 5] . With negligible hardware cost, the antenna selection based CR system can obtain the most advantages of multiple antennas and the interference caused to PU can also be well-controlled. For the traditional multi-input multi-output (MIMO) systems, various antenna selection schemes have been proposed and analyzed in terms of the average symbol error rate (SER) or capacity performance [6, 7] , which are also suitable to the overlay CR systems as SU does not interfere with the PU. However, such results cannot be directly applied to the underlay CR systems because the additional primary interference constraint may further affect the antenna selection criterion on the secondary transmitter. The performance analysis of the underlay CR system with transmit antenna selection (TAS) has been recently studied [8] [9] [10] [11] . The work of [8] analyzed the SU's capacity performance with TAS under the primary interference constraint. In [9] , the closed-form expression for the average capacity of the secondary link with TAS and receive maximal ratio combining (MRC) was derived under the primary interference constraint. Further in [10] , the authors analyzed the performance of a MIMO cognitive system employing TAS/MRC with the peak transmit power at SU and the peak interference power constraint at PU, and the closed form expressions are obtained via the moment generating function, in terms of the SER and the ergodic capacity, respectively. The work of [11] considered TAS scheme in spectrum sharing MIMO CR system that the antenna with the maximal ratio of the secondary channel gain to the secondary-primary interference channel gain is selected, and the thorough performance of the secondary system is analyzed in terms of outage probability, symbol error rate and ergodic capacity.
References [8] [9] [10] [11] have all assumed that SU has full channel state information (CSI) knowledge between its transmitter and the PU receiver to protect the PU by the peak interference power constraint. However, in practice, SU may not acquire the perfect CSI of the interference link, because of several factors such as channel estimation errors and/or feedback delay, the obtained CSI may be imperfect and hence may differ from its actual value. When the imperfect CSI is used to control the interference to the PU, the interference constraint to the PU can be violated and the performance of the PU can be affected consequently. Therefore, it is important to investigate the impact of the imperfect CSI in spectrum sharing CR systems [12] [13] [14] [15] .
For underlay CR systems, the effect of imperfect CSI of the interference link between SU and PU was considered in [12] , where a closed-form expression for the SU's average capacity was derived under the joint constraints of the peak interference power constraint for PU and the maximum transmit power limit for SU. The authors in [13] analyzed the cognitive underlay multihop networks with imperfect CSI and developed closed-form expressions for the secondary outage probability, bit error rate, and ergodic capacity. For cooperative cognitive MIMO networks, the authors in [14] analyzed its performance under the perfect and imperfect CSI of the secondary link condition, where the approximate expressions for outage probability and average SER is derived with primary peak interference constraint. In [15] , the authors proposed to perform power control following an probabilistic interference constraint, which is derived from the point of long term statistics of the interference power.
However, to the best of our knowledge, most existing works about TAS in the underlay CR systems only focus on the performance analysis with perfect CSI of the SU-PU link (e.g., See [8] [9] [10] [11] ). The imperfect CSI of the interference link is rarely investigated. Only in [16] , the effect of the imperfect CSI between the secondary transmitter and the primary receiver of cognitive systems with arbitrary TAS was analyzed. However, the aforementioned work [16] focused on the achievement of the closed-expression of the capacity performance and the performance analysis for the SER performance was not involved. Besides, expect for the primary interference constraint, the SU's peak transmit power constraint is also an important parameter as all the RF power amplifiers have the maximum output power capacity [17] in the practical application. It will be shown later in our results that the neglection of the SU's maximum transmit power constraint will induce an obvious performance measurement error especially when the peak interference power constraint of the PU is in a large region or the interference channel from the secondary transmitter to the primary receiver is in a deep fading. In this article, a CR system employing TAS scheme at the secondary transmitter is considered. The performance of this system is analyzed for a more realistic scenario: (1) because of channel estimation errors and/or feedback delay, the channel between the secondary transmitter and the primary receiver is assumed to be imperfect, and (2) both the maximum transmit power limit at SU and the interference constraint at PU are taken into consideration. In this article, based on the derivation of the cumulative distribution function (CDF) and probability density function (PDF) of the SU's signal to noise ratio (SNR), the exact closed-form expressions of the average SER and capacity are obtained and validated by simulations. We can observe from the simulation results that the overestimated capacity performance caused by unlimited transmit power of SU can be corrected by our work with more reasonable performance.
To be more specific, the main contributions of this article are listed as follows.
• We characterize the effects of the imperfect CSI, the interference power constraint for SU, and the peak transmit power limit for PU, and derive the closed-form expressions of PDF and CDF of SU's SNR with transmit antenna selection for CR networks.
• We use the back-off power control scheme to overcome the violation of interference constraint due to the imperfect CSI.
• We show that the SU's performance is greatly affected by the peak transmit power limit for PU. Therefore, the considered environment is more practical.
• We analyze the performance for secondary network in terms of the average SER and capacity and derive the closed-form expressions for CR networks, while considering all these factors, i.e., the imperfect CSI, the interference power constraint for SU, and the peak transmit power limit for PU.
The rest of this article is organized as follows. System model and problem definition is described in Section 2. Then the performance analysis in terms of the average SER and capacity different models is provided in Section 3. Simulation results are given in Section 4, and Section 5 concludes the article.
System model and problem definition
We consider an underlay spectrum sharing system where a secondary link coexists with a primary link. The licensed spectrum belongs to the primary link, while the secondary link can implicitly access the spectrum without violating the interference constraint of the primary link. The secondary transmitter (ST) is equipped with N T transmit antennas and only one RF chain. Therefore, only one antenna is selected to communicate with the one-antenna secondary destination (SD). We assume that all the links follow independent Rayleigh flat fading distribution. Let h i,SD and h i,P (i = 1, 2, . . . , N T ) denote the channel coefficients from the ith antenna of ST to SD and PD, respectively. The corresponding channel power gains h i,SD 2 and h i,P 2 are exponentially distributed random variables with the mean values 1/λ D and 1/λ P , respectively. The thermal noise at SD is modeled as additive white Gaussian noise (AWGN) with zero mean and variance σ 2 . To select a transmit antenna for SU, different selection criteria can be applied. To protect PU, a simple way is to select the antenna with the minimum interference channel gain between SU and PU, which is denoted as the interference channel gain minimum (ITEM)-based method. To enhance the secondary transmission, it is feasible to select the antenna with the maximum transmission channel gain between ST and SR [18] , which is denoted as transmission channel gain maximum (TRAM)-based method. However, both the ITEM and TRAM methods only consider the interference channel or the transmission channel separately. In this article, we consider the two channels jointly and adopt the received SNR maximization as the selection criterion, since the received SNR involves the two items and determines the QoS of the secondary transmission directly. From a practical point of view, the perfect CSI within the secondary link (i.e., h i,SD ) is assumed to be available at ST; however, only the partial CSI of the interference link (i.e., h i,P ) can be estimated. In other words, the estimated CSI of h i,P may differ from its actual value. The imperfect CSI of the interference link can be obtained by the SU through channel reciprocal [15] or pilot aided channel estimation [19] . In order to investigate the impact of imperfect CSI on the overall performance, we have an estimate of the channel of the form [20] 
where h i,P is the channel estimate available at ST, and h i,P is a complex Gaussian variable with zero mean and variance 1/λ P , which is uncorrelated with h i,P . The correlation coefficient ρ (0 ≤ ρ ≤ 1) is a constant that determines the average quality of the channel estimate over all channel states of h i,P . In order to guarantee the quality of service (QoS) of the primary link, the transmit power of ST must be approximately controlled. A straightforward way is to maintain the interference caused by SU at PD below the peak interference threshold I c . Besides, the transmit power at SU is also limited by the maximum transmission power P m . The ST with the perfect CSI can suppress its power to satisfy both the constraints threshold stringently. Thus, the available power for the ith transmit antenna of ST is min P m , I c h i,p 2 . However, when the imperfect CSI is available at the ST, as a result, the transmit power turns out to be min P m , I c h i,p
2
. Due to its uncertainty of the interference channel h i,P , the obtained transmit power will possibly lead to the violation of the interference threshold at the PU. As the violation is unavoidable since the perfect CSI is not available, we use the primary interference outage probability [13] to scale the violation level, which is defined as the probability that the received interference power at the PD is higher than I c . Accordingly, the primary interference probability Pout Pri,I c can be denoted as
From (2), it is preferable that Pout Pri,I c has a small value, which means that less violation occurs. Otherwise, the primary transmission has a high probability to be disturbed by secondary link, which is not allowable in practice. To guarantee the interference probability at an acceptable level, back-off transmit power control mechanism is considered. The transmit power of the ith antenna at ST can be adjusted as
where ε i denotes back-off power control coefficient for the ith antenna. The back-off power control coefficient ε i needs to satisfy the predetermined interference outage probability P I which is derived as [21] P I = e −β − e −β Q 1
where β = I c /Pm , and I 0 (·) is the zeroth-order modified Bessel function of the first kind and
I 0 (ax) dx is the first-order Marcum Qfunction [22] . However, the coefficient ε i can not be derived as a closed form to satisfy (4), hence, the coefficient ε i can be numerically derived [21] , with which ST can adjust its transmit power to satisfy the primary interference outage constraint. It is notable that the back-off power control coefficient ε i for each antenna is equal, i.e.,
Through back off power control, the transmit power for all the N T antennas can be obtained. Then according to the received SNR maximization criterion, let S denote the best transmit antenna selected from the transmit antennas set T , and the received SNR at SD can be given as
As h i,SD 2 and h i,P 2 follow exponential distribution with parameters 1 /λD and 1 /λP , respectively. Therefore, the CDF F γ S (x) can be written as
Assume |h i,SD | 2 = Y and | h i,P | 2 = Z, (7) can be further written as
where
By using the binomial expansion, (8) can be expressed as
Taking the derivative of F γ S (x) with respect to x, the PDF of γ S is obtained as
Performance analysis
In this section, we investigate the performance of the TAS-based underlay CR system in terms of the average SER and capacity with imperfect CSI of the link from ST to PD.
Average symbol error rate
The average SER is one of the most commonly used performance criterion for digital communication systems.
The straightforward expression of the average SER is given by
where P S (x) is the instantaneous error probability in AWGN channel with SNR x for the particular modulation used. Meanwhile, the SER can also be expressed as [23] 
dx denotes the derivative of the instantaneous error probability P S (x).
For different modulation schemes employed in practical systems, the instantaneous error probability P S (x) is of different forms that we summarized in Table 1 [24] .
For the case P S (x) = α exp(−βx), we use the expression of the average SER in (11) . By substituting (10) into (11), the average SER can be calculated as:
Carrying out the integral in (13), the closed form expression of the average SER for SU is obtained as: Table 1 Instantaneous error probability for different modulation schemes
where E n (m) is the exponential integral [25] , defined by E n (m) = +∞ m z −n exp(−z)dz for m > 0. For the case P S (x) = αQ( √ βx), we use expression (12) to obtain the average SER, i.e.,
Then, by substituting (9) into (15), the average SER can be evaluated as
where φ(x; y; z) is the confluent hypergeometric function of the second kind, defined by the integral (9.211.4), [25] φ(x; y; z)
Average capacity
The average capacity is also an important performance metric as it provides insight on the maximum achievable transmission rate under which the errors are recoverable. For the TAS CR system, the received SNR at SD follows a distribution with PDF given by (10) . According to the definition of the instantaneous capacity C γ S = log 2 (1 + γ S ) , the average capacity of SU can be expressed as
where x denotes the instantaneous received SNR at SD. Substituting (10) into (18) 
Numerical and simulation results
In this section, we firstly compare the proposed method with TRAM and ITEM via Monte Carlo simulations to verify its effectiveness. Then, we confirm the analytical results derived in Section 3 in terms of the average SER and capacity performance, respectively, for the TASbased CR system with imperfect CSI. We consider the BPSK and DPSK modulation schemes for the performance evaluation. Throughout this section, the following system parameters are used: λ P = λ D = 1 and σ 2 = −10 dBW. From Figs. 1 and 2 , the proposed method provides superior performance in terms of average SER and capacity, as compared to TRAM and ITEM. As shown in Figs. 3, 4 , 5, 6, 7, 8, 9, and 10, the analytical results and the simulation results always match exactly, which indicates that our theoretical analysis is valid and accurate. Figures 1 and 2 depict the average SER and ergodic capacity of SU for different methods vs. the number of SU's transmit antennas N T when P m = 0 dBW, I c = −10 dBW, and P I = 0.1. As is shown, with the increase of transmit antenna number, the performance of both the average SER and ergodic capacity is enhanced. As compared to TRAM and ITEM, the proposed method provides better performance. This is because the proposed method jointly considers the interference channel between SU and PU and the transmission channel for SU. Therefore, the proposed method is superior to the other two methods. Figures 3 and 4 show the average SER and ergodic capacity of SU with respect to different channel coefficient ρ for N T = 1, 4 and I c = −10, −8 dBW. As can be clearly seen, the average SER and ergodic capacity performance of SU will be improved with the increase of channel coefficient ρ, i.e., channel estimation quality increases. Note that the SU's performance is more sensitive to the value of ρ that is close to 1, since we observe a higher dynamic range for such values. Figures 3 and 4 increase of N T and I c will improve the average SER and ergodic capacity of SU. This is becasue higher transmit diversity can be achieved with the increase of N T and more transmit power is enabled with larger I c according to (3) . Figures 5 and 6 show the average SER and ergodic capacity of SU with different levels of allowed interference power I c at PU for N T = 1, 4. In particular, to investigate the impact of the maximum transmit power limit P m at SU, the cases of P m = 0 dBW and P m → ∞ are compared. As is shown, the performance difference between the cases with and without the maximum transmit power limit is negligible when I c is in the low region. With the increase of I c , the performance of the cases without the maximum transmit power limit improves continuously. However, with the Fig. 6 The ergodic capacity vs. interference constraint: I c (dBW), when ρ = 0, 9 and P I = 0.1 maximum transmit power limit, the average SER and capacity of SU will firstly improve and finally achieve a performance ceiling. This phenomenon can be explained as follows: when I c is in the low region, the transmit power of SU is dominantly decided by the primary interference constraint, and when I c is in the high regions, the transmit power of SU is dominated by the maximum transmit power limit of SU. Obviously, neglecting the maximum transmit power limit will result in inaccuracy for the performance analysis of SU when I c is in high region. In Figs. 7 and 8, we plot the average SER and ergodic capacity performance vs. the SU maximum transmit power limit P m for N T = 1, 4 and ρ = 0.9, 0.99. As can be seen, the system performance improves with the increase of P m . The performance ceiling achieves when P m is in the high regions, which is due to the SU's interference level constraint I c . Moreover, the system performance improves with the increase of antenna number N T and channel coefficient ρ. The reasons are as follows: more transmit antennas can provide higher diversity gain and the transmit power increases as channel estimation quality ρ increases. Figures 9 and 10 show that the average SER and ergodic capacity performance versus the interference outage probability P I of SU for N T = 1, 4 and I c = −10, −8 dBW. As can be seen, with the increase of P I , the average SER and ergodic capacity performance improves for the reason that more transmit power is allowed for the secondary transmission. 
Conclusions
This article studies the performance of a TAS CR system in the presence of imperfect channel knowledge of the primary-secondary links under the peak interference constraint at PU and the maximum transmit power limit at SU. To protect the primary transmission, we apply a back-off control technique to restrict SU's power so that the interference probability of the primary transmission is satisfied. Utilizing the derived cumulative distribution function and probability density function of the SU's SNR, the closed form expressions of the secondary system performance are derived in terms of the average SER and capacity. Our theoretical analysis can serve as an efficient means to investigate the impacts of imperfect channel knowledge, the maximum transmit power limit, the interference power constraint, and the number of transmit antennas on the performance of secondary system. The theoretical analysis is validated by simulation results. Recent advances in CR networks have drawn the significance of security communications [26, 27] . In our future works, we will research on performance analysis for security-based CR TAS networks.
